An inactive, Ni-deficient form ofcarbon monoxide (CO) dehydrogenase [carbon-monoxide:(acceptor) oxidoreductase; EC 1.2.99.2], designated apo-CO dehydrogenase, accumulated in Rhodospirillum rubrum when cells were grown in the absence of Ni and treated with CO. In vivo, both CO dehydrogenase activity and hydrogenase activity increased several hundred fold upon addition of 2 ILM NiCl2. Apo-CO dehydrogenase was purified to homogeneity and differed from holo-CO dehydrogenase only in its activity and Ni content, containing <0.2 mol of Ni per mol of protein, and a specific activity of 35 jtmol of CO per min per mg. Optimal in vitro activation of purified apo-CO dehydrogenase resulted in an enzyme with a specific activity of 2640 ,umol of CO per min per mg. No additional enzymes or low molecular weight cofactors were required for activation. Apo-CO dehydrogenase was not activated by MgCI2, MnCI2, CuC12, ZnC12, CoCI2, or Na2MoO4. 63Ni was incorporated into apo-CO dehydrogenase during activation. The electron paramagnetic resonance (EPR) spectra of dithionite-reduced apo-and holo-enzyme were identical, indicating that, in the reduced state, the Fe-S centers observed by EPR are unchanged in the apo-enzyme.
Na2MoO4. 63Ni was incorporated into apo-CO dehydrogenase during activation. The electron paramagnetic resonance (EPR) spectra of dithionite-reduced apo-and holo-enzyme were identical, indicating that, in the reduced state, the Fe-S centers observed by EPR are unchanged in the apo-enzyme.
The CO dehydrogenase [carbon-monoxide:(acceptor) oxidoreductase, EC 1.2.99.2] from the photosynthetic bacterium Rhodospirillum rubrum is a Ni, Zn, and Fe-S protein (1) . Ni is presumed to function as the CO-binding site in the protein and to catalyze the oxidation of CO to CO2. The Ni present in the CO dehydrogenase from Clostridium thermoaceticum has been shown to bind CO, implicating its involvement at the active site of this enzyme (2) . Other CO dehydrogenases are also known to contain Ni, and Ni is also found in other classes of enzymes, such as methylcoenzyme M reductases, hydrogenases, and ureases. The role of Ni in enzymes was summarized by Hausinger (3) .
Much of the research with Ni proteins has been directed toward understanding their roles in cellular metabolism, the nature of the Ni binding site within the protein, and the role of Ni during enzyme catalysis. Studies of the role of a metal in an enzyme are greatly aided by the existence of a metal-free form of the protein, particularly if enzymatic activity is restored upon replacement of the metal (4) (5) (6) (7) (8) (9) (10) .
No description of the activation of a Ni-deficient apoprotein by Ni has been reported. The purified hydrogenase of Nocardia opaca lb exhibited an activation upon incubation with Ni; however, other metals and salts could substitute as well or better than Ni, and the authors concluded that this added Ni was not involved in enzyme catalysis (11) . Hartzell and Wolfe (12) have demonstrated the reconstitution of methylcoenzyme M reductase from its subunits and the Ni-containing tetrapyrole F430.
In this paper we present the purification and properties of the inactive Ni-deficient apo-CO dehydrogenase from R. rubrum and describe the in vitro activation of this protein by Ni.
METHODS
Growth of Bacteria. R. rubrum (ATCC 11170) cells were grown as described (1) with the following changes. The cells were grown in an acid-washed 5-liter glass fermenter and illuminated by a single overhead-projector bulb in a waterjacketed tube submerged in the culture. The cells were grown in the absence of added NiCl2 and were left in an atmosphere of 100% CO gas for 48 hr prior to harvesting. Cells were broken, and CO dehydrogenase was assayed and purified as described (1) , except that the hydroxylapatite step was eliminated. Protein assays, NaDodSO4/PAGE, and silver staining were performed as described (1, 13) .
Induction of CO Dehydrogenase and Determination of CO Dehydrogenase Cross-Reactive Material. Cells were grown as described above, and samples were removed during growth, filtered onto Whatman GF/C microfiber filters anaerobically, and frozen. These filters containing 40 units of cells (ml x A6N) were ground in 1 ml of 100 mM Mops/5 mM Na2S204, pH 7.5, in a Kontes conical tissue grinder containing a small amount of 150-mesh carborundum. Supernatant fractions were assayed for CO dehydrogenase activity, electrophoresed in NaDodSO4/polyacrylamide gels, and electroblotted onto nitrocellulose sheets for immunoblot analysis of CO dehydrogenase cross-reactive material. The primary antibody, raised in laying hens and purified from egg yolks (14) , was used at a 1:100 dilution. Goat anti-chicken antibody (peroxidase conjugated), obtained from Kirkegaard and Perry (Gaithersburg, MD) , was used at a 1:1500 dilution.
Hydrogenase Activity. Cells were anaerobically filtered onto Whatman GF/C microfiber filters and stored in liquid N2 until assayed. Filters were placed into 13.2-ml assay vials containing 3.03 ml of 200 mM Mops, pH 7.0/1 mM methyl viologen. These vials were rapidly sealed, flushed, and Vortex mixed to suspend the cells trapped on the filter. Hydrogen-evolution assays were initiated by injecting 170 ,ul of 1 M sodium dithionite to give a final concentration of 50 mM. Hydrogen in the gas phase was measured using a thermal conductivity gas chromatograph as described (15) .
In Vitro Activation of Apo-CO Dehydrogenase with NiCl2.
Purification fractions were diluted into CO-saturated 100 mM Mops (pH 7.5) as controls or into CO-saturated 100 mM Mops, pH 7.5/10 mM NiC12 for activation. These diluted Abbreviation: BSA, bovine serum albumin.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Metal Assays. Ni and Fe were determined using both wet assays and plasma emission spectroscopy as described (1, 16, 17) .
EPR spectra were obtained using a Bruker ESR-200D spectrometer, interfaced with an Oxford Instruments ESR-9 flow cryostat. RESULTS R. rubrum grown in the absence of Ni and treated with CO showed only a very small increase in CO dehydrogenase activity ( Fig. 1 ). Subsequent addition of NiCl2 to a final concentration of 2 ,uM led to a rapid increase in CO dehydrogenase activity in these cells. The rate of increase was many times faster than that seen during de novo CO dehydrogenase induction in cells grown in the presence ofNi, suggesting an activation of preformed, inactive protein. ' [8] [9] [10] [11] [12] .
The absence of a significant increase in CO dehydrogenase activity after CO addition, and the subsequent rapid increase after Ni addition were not due to the level of CO dehydrogenase protein present, but rather to the activity of the existing protein. Ni caused an in vivo activation of inactive apo-CO dehydrogenase that accumulated after induction by CO. Extracts containing apo-CO dehydrogenase could also be activated in vitro and required only the addition of Ni at 5-10 mM for optimal activation.
Extracts from cells grown in the absence of Ni and treated with CO contained high levels of apo-CO dehydrogenase but also always possessed a low level of active CO dehydrogenase activity, which was most likely due to trace Ni contamination in the growth medium. The activable apo-CO dehydrogenase copurified with holo-CO dehydrogenase through all steps of the purification reported for active CO dehydrogenase ( Samples (25 Al) of cell-extract supernatant from the experiment described in Fig. 1 were subjected to NaDodSO4/PAGE. After electrophoresis, proteins were electroblotted onto nitrocellulose and probed for CO dehydrogenase cross-reactive material using antibody against purified peak 1 CO dehydrogenase. the fold activation observed at the final stages of purification.
The decrease in extent of Ni activation of the enzyme observed during purification was not due to conversion of apo-CO dehydrogenase to holo-CO dehydrogenase by scavenging of Ni because the loss in total apo-CO dehydrogenase activity was not offset by an increase in holo-CO dehydrogenase (Table 1 ). Fig. 3 shows a silver-stained NaDodSO4/polyacrylamide gel of fractions from the purification shown in Table 1 . Purified apo-CO dehydrogenase appeared as a single band at a position identical to that of active CO dehydrogenase. Fig. 4 shows the effect of [Ni2l] on the rate and extent of activation of purified apo-CO dehydrogenase. A Ni concentration of 10 mM was optimal for activation. Higher levels of Ni were detrimental and resulted in slower and less-complete activation. Dithionite was not included in activation assays, because it formed a precipitate with Ni that interfered with activation. CO was included during activation to maintain reduced conditions. CO stimulated activation but was not required for activation to occur (data not shown). Activation was strictly dependent upon the addition of Ni. MgCl2, MnCl2, CuC12, ZnCl2, CoC12, and Na2MoO4, added at 5 mM, were unable to activate apo-CO dehydrogenase.
To show that Ni was stably incorporated into apo-CO dehydrogenase during activation, apo-CO dehydrogenase, BSA, and carbonic anhydrase were subjected to activation conditions in the presence of the radioisotope 63Ni. BSA is known to contain a Ni-binding site (18) and was used as a positive control, whereas carbonic anhydrase was used as a negative control. These proteins were then separated from free Ni by either gel filtration or chromatography on DEAEcellulose. 63Ni was incorporated into apo-CO dehydrogenase and BSA but not into carbonic anhydrase. These protein samples were then subjected to anaerobic NaDodSO4/polyacrylamide gel electrophoresis. Fig. 5 shows the profile of 63Ni cpm for each of the proteins. 63Ni migrated with CO dehydrogenase and BSA during NaDodSO4 electrophoresis, indicating that Ni is bound tightly to both of these proteins. Similar electrophoretic results have been obtained using active CO dehydrogenase isolated from cells grown in the presence of 63Ni (1) . Thus, Ni is bound equally tightly to CO dehydrogenase whether it is incorporated during cell growth in the presence of Ni or during in vitro activation of apo-CO dehydrogenase, and once incorporated it is not readily released or exchanged from the protein.
CO dehydrogenase is readily inactivated by exposure to oxygen. Experiments designed to test differences in 02 lability showed that apo-CO dehydrogenase was at least as sensitive to 02 as holo-CO dehydrogenase. After a 5-min exposure to air, >98% of the Ni-activable activity of purified apo-CO dehydrogenase was lost, whereas 96% of the residual (holo) activity was lost. However, 63Ni was not released from 63Ni-labeled CO dehydrogenase upon oxygen treatment (for 1 hr) and subsequent anaerobic gel electrophoresis (data not shown). Thus, protein that lacks Ni remains sensitive to oxygen, and the Ni present in active protein is not lost upon exposure to air. This suggests that the site of 02 lability is not at the Ni center(s) and supports the hypothesis that the Fe-S centers are the 02-labile sites.
UV/visible spectra of apo-CO dehydrogenase and of the in vitro activated apo-enzyme in their oxidized and reduced forms and the corresponding extinction coefficients were nearly identical to those reported (1) for CO dehydrogenase peak 1. The identity of the Fe-S clusters of apo-and holo-CO dehydrogenase is further shown by the EPR spectra of apo-CO dehydrogenase (Fig. 6 ), which closely resembled the spectra of holo-CO dehydrogenase (1) in shape, g-values, and temperature dependence over the range 5-77 K. These spectra also confirm that the Ni-containing prosthetic group(s) of holo-CO dehydrogenase does not contribute to its EPR spectrum in the dithionite-reduced state. Metal analyses of apo-CO dehydrogenase also support the conclusion that the apo-and holo-proteins differ only in Ni content. Fe analysis yielded 8.2 mol of Fe per mol of protein, agreeing closely with the value of 7.7 reported (1) for CO dehydrogenase peak 1. Apo-CO dehydrogenase contained <0.2 mol of Ni per mol of protein when analyzed using a wet assay and <0.03 mol of Ni per mol of protein by plasma emission spectroscopy. Previous analyses of CO dehydrogenase peak 1 (specific activity, 1079 units/mg) showed 0.65 mol of Ni per mol of protein (1) . As shown here, CO dehydrogenase of much higher specific activity can be obtained. Since apo-and holo-CO dehydrogenase copurify, it is probable that previous holo-CO dehydrogenase preparations contained apo-CO dehydrogenase. Samples were removed at the indicated times and assayed for CO dehydrogenase activity by the methyl viologen reduction assay.
by Ni at every step of the purification and was activable after purification to homogeneity.
No other proteins were necessary for processing of Ni or for its insertion into apo-CO dehydrogenase, and no soluble cell components were required for activation. This argues against the presence of a nonproteinaceous cofactor, such as factor F430 involved in methanogenesis, as the site of Ni binding in R. rubrum CO dehydrogenase. We suggest that the Ni-binding site(s) in this protein is formed entirely from the peptide portion of the protein, as is the case with the Ni-binding site of BSA (18) .
In addition to activating apo-CO dehydrogenase, Ni also restored dehydrogenase activity to CO-treated cultures grown in the absence of Ni. This evidence suggests that this hydrogenase may also be a Ni enzyme. However, the requirement of a metal for in vivo enzymatic activity does not in itselfconstitute proof of the presence of that metal in the enzyme under study. In Power was 5 mW, modulation amplitude was 5 gauss, and time constant was 5 msec. Protein concentration and specific activity were 6.8 mg/ ml and 320 ,umol of CO per min per mg, respectively. No other significant EPR signals were detected over the range g = 1.5-13.5.
do not believe this is the case because other divalent cations were completely unable to substitute for Ni in activating the purified apo-protein. Also, the apo-protein copurified with the holo-protein, suggesting that the lack ofNi caused no change in protein conformation sufficient to alter the behavior of the protein during purification.
The apo-CO dehydrogenase, differing from holo-CO dehydrogenase only in activity and Ni content, should greatly aid our analysis of the Ni-binding site(s) and of the mechanism of CO oxidation and electron flow in this protein.
